This paper presents a hybrid system that consists of a pSOFC (proton conducting SOFC) stack, a micro gas turbine (MGT), a combustor, a compressor, a heat exchanger, and an external steam reformer. This simulation is based on thermodynamic analysis and is developed using Matlab/Simulink/Thermolib software and validated using published data from the literature. Furthermore, three cases, cases 1, 2, and 3, are analyzed, and the best case, case 2, is installed with anode and cathode recycling, to increase system performance. According to the results, case 2 exhibits the highest system efficiency (72%) due to high hydrogen production, and the installation of anode and cathode recycling further increases system efficiency up to 79%.
INTRODUCTION
The solid oxide fuel cell (SOFC) is a type of fuel cell appropriate for the power generating system, with an efficiency of up to 54% [1] . Currently, two types of SOFCs are available pSOFC and oSOFC (oxygen ion conducting SOFC) which differ in the electrolyte material and operating temperature used. The simulation in this study uses pSOFC because of its advantages such as high Nernst potential at a high operating voltage of 0.8 V, low temperature, high electrolyte conductivity, and high hydrogen partial pressure and low steam partial pressure [2] [3] [4] . However, pSOFC has high cathode concentration polarization and low energy destruction [5, 6] .
Some available designs of SOFC are macro-tubular, micro-tubular, and planar [7] . In the energy management system, some SOFCs are combined with a steam or gas turbine (GT) considering combined heat and power (CHP) for minimizing the energy wasted, which can increase system efficiency up to 90% [8, 9] . Moreover, an SOFC-GT system can improve the thermodynamic and economic performance of the power generating system [10] . However, this system produces CO2, and CO2 capturing can decrease the overall efficiency by 4% [11] .
The material selection for SOFC-GT requires consideration of parameters such as the electrolyte material used and major components supported [12] [13] [14] [15] [16] . This study uses anode support due to its better performance over electrolyte or cathode support, as well as high voltage and power density [17, 18] . In the anode support, ohmic polarization is the major loss due to the relatively low proton conduction of the electrolyte [19] . The recycling of SOFC flue gas is currently considered a good solution to increase SOFC performance. Some advantages of recycling installation include an increase in fuel utilization and no steam being supplied to the reforming process [20] [21] [22] [23] [24] [25] [26] [27] [28] .
Currently, some SOFCs are installed with a reformer to expand the options of fuel used. In the reformer, hydrogen production is affected by the water content and reformer temperature [29] . Furthermore, a minimal amount of steam generation can lead to carbon formation, while excess steam generation can decrease SOFC performance due to decrease in SOFC temperature [30] [31] [32] [33] . Thus, in our simulation, the steam to fuel ratio is fixed based on the simulation results.
In the system configuration, recycling installation is divided into three categories: anode recycling, cathode recycling, and a combination of anode and cathode recycling. Anode recycling is installed to recirculate the flue gas to increase SOFC efficiency, while cathode recycling is installed to recirculate hot air to the cathode side in order to increase the temperature of pSOFC and decrease air stoichiometry. Moreover, cathode recycling can decrease the amount of water supplied from the pump, or can be stopped because of the generation of water by SOFC [22, 34] .
METHODOLOGY
This study models a pSOFC hybrid system based on planar pSOFC technology and integrates it with a micro gas turbine (MGT) and other components. This model is based on thermodynamic analysis and is developed using Matlab version 7.6/Simulink 7.1/Thermolib software.
a. Proton Conducting Solid Oxide Fuel Cell (P-SOFC)
In pSOFC, hydrogen is first fed to the anode side and then oxidized to form hydrogen protons (H + ) and electrons (e -) at the anodeelectrolyte interface. The electrons flow through an external load to generate electricity, while hydrogen protons are transported through the proton-conducting electrolyte to the cathode side. Furthermore, O2 flows from the anode side to the cathode-electrolyte interface and reacts with hydrogen protons (H + ) and electrons (e -) to produce water at the cathode side. Following electrochemical reactions take place in pSOFC:
Overall
The open-circuit voltage (E ocv ) generated by p-SOFC can be described by the Nernst equation as:
"a" and "b" are anode and cathode, respectively, and E ocv is the open-circuit voltage at the standard pressure and is a function of operating temperature [4] :
Ideally, E ocv is the maximum voltage that can achieve by a fuel cell. However, voltage is always less than E ocv because internal resistance and overpotential losses associated with the electrochemical reactions at the electrolyte interface. There are three major types of fuel cell losses: ohmic polarization, activation polarization, and concentration polarization. The polarizations are based on fixed values as shown in Table 2 .1. The operating cell voltage can be given as:
Ohmic polarization occurs because electrical resistance in the cell, such as resistance to ion flow in the electrolyte, resistance to electron and ion flow through the electrode, and resistance to electron flow through the terminal connection. Ohmic polarization can be written as:
Activation polarization occurs when the charge transfer reaction is slow across the electrode-electrolyte interface and a portion of the electrode potential is lost in driving the electron transfer rate up to the rate required by the current demand. Activation polarization can be written as following equations [17] :
Concentration polarization is caused by the mass transfer limitation on the availability of the reactants in the vicinity of the electrodeelectrolyte interface. It can be written as [19] :
b. Splitter of Anode and Cathode
The splitter divides an incoming flow into two, based on the pressure feedback at the input, and the recycling ratio is defined as:
c. Micro Gas Turbine (MGT)
The Turbine (Isentropic) block decreases the pressure of an incoming flow to a given outlet pressure. It determines the thermodynamic state of the outgoing flow along with the produced mechanical power at given isentropic efficiency. The efficiency is retrieved by a lookup table as a function of the molar flow and is defined as ratio of actual enthalpy difference to enthalpy difference for isentropic change of state with the same pressure drop. First law of thermodynamics for turbine:
Subscripts 's' and 'ac' states for isentropic and actual change of state. Turbine is adiabatic and should be used with gaseous flows. 
d. System Design
This study analyzes three cases. Case 1 (Fig. 1) , where air is initially compressed by a compressor and then heated up in a heat exchanger before flowing to the cathode side, and ethanol and water are mixed and flow into the reformer. Furthermore, the hydrogen produced by the reformer reacts with air in the fuel cell. Subsequently, the unreacted air and hydrogen are burnt in the combustor and flow into the MGT. The gas output from the GT flows directly into the reformer. The gas output from the reformer is used for pSOFC cooling because the gas temperature is only 89 ºC. After cooling, the gas temperature is increased to 446 ºC and used to heat up the air heat exchanger. In case 2 (Fig. 2) , the gas output from the gas turbine flows into the fuel heat exchanger to increase hydrogen production. Furthermore, the gas flows into the reformer and pSOFC cools. In case 3 (Fig. 3) , the gas output from the reformer (red line) flows into the air heat exchanger.
In the presenting the data, the simulation in our study applies the following equation to calculate efficiency. The electrical efficiency from pSOFC is defined as the ratio of electrical power produced by pSOFC to the chemical energy in fuel represented by the lower heating value of fuel multiplied by mass flow rate of fuel as shown in the following equation:
Besides SOFC stack, compressor and GT of hybrid system also play important roles in determining the overall performance of the system. The power system and combine power and heat (CHP) efficiency is determined as follows:
where PMGT and PComp are net power produced by MGT and power consumed by compressor during process, respectively. QUseful is net heat energy can be utilized for heating water from exhaust gas. Fig. 5 shows that a model prediction of the I-V curve characteristics of pSOFC operating at 800, 900, and 1000 ℃ and a pressure of 1 atm gives an accurate prediction of experimental data. [35] .
Figure 5. Comparison between simulation results and experiment data by Iwahara

RESULTS AND DISCUSSION a. Case Comparisons
The case comparison presented in Table 2 shows that case 2 has the highest efficiency because the temperature input of the reformer is as high as 741 ℃. Consequently, the reaction rate between the steam and ethanol gas increases, thus increasing hydrogen production and the produced current. Furthermore, voltage in case 2 is the highest because it has the highest pSOFC temperature (Fig. 2 ). An increase in pSOFC temperature indicates an increase in gas enthalpy, which increases the turbine inlet temperature (TIT), and subsequently, the MGT power [36, 37] . Case 3 has the lowest efficiency and power due to low temperature inlet at the anode and cathode sides ( Fig. 3) [38] [39] [40] [41] .
b. Anode Recycling
Anode recycling refers to the recirculation of output gas from the anode side to the reformer (as shown in Fig. 4 ). Increasing the anode recycling from 0% to 40% can increase the current produced due to an increase in the hydrogen mass flow rate (Fig. 6 ). Furthermore, the pSOFC temperature increases from 727 ℃ to 863 ℃, which causes an increase in voltage. Consequently, pSOFC power increases from 3818 W to 4170 W (Fig. 7) .
The effect of anode recycling on MGT is shown in Fig. 8 , wherein the MGT power decreases at anode recycling from 0% to 20% due to a decrease in TIT. Furthermore, the MGT power increases from 20% to 40%. The phenomenon of anode recycling shows that increasing the pSOFC temperature has a good effect on the combustor, even though the fuel supplied to the combustor is decreasing. 
c. Cathode Recycling
Cathode recycling refers to gas recirculation from the cathode output to the cathode input ( Fig. 4 ). Fig. 9 shows that using cathode recycling from 0% to 40% can increase the pSOFC power from 3818 W to 3887 W, which is due to an increase in the air inlet temperature of pSOFC from 578 ℃ to 743 ℃. As we know that increasing the temperature increases the chaos level of the molecule, air will react more easily with hydrogen. Furthermore, air stoichiometry affects the pSOFC temperature because the excess air supplied can decrease the pSOFC temperature. Consequently, an increase in cathode recycling must be accompanied by a decrease in air stoichiometry to maintain the air flow rate and temperature on the cathode side, as shown in Fig. 10 . The results show that the compressor power decreases from 483 W to 407 W.
Nevertheless, cathode recycling decreases the MGT power due to a decrease in the mass flow rate, as shown in Fig. 11 . The phenomenon shows that cathode recycling not only increases pSOFC power but also decreases MGT power, even with increasing TIT.
d. Combination Of Anode And Cathode Recycling
This section presents an analysis of a combination of cathode and anode recycling to improve system performance. Fig. 12 shows that a combination of 40% cathode recycling and 40% anode recycling produces the highest pSOFC power. Moreover, all cathode recycling systems from 10% to 40% have the same pSOFC power at 40% anode recycling. Thus, an increase in pSOFC power due to an increase in the hydrogen and air mass flow rate can produce more current. Fig. 13 shows that the recycling combination has a strong effect when the anode recycling is set at more than 20% due to the significant temperature increase. Moreover, the MGT power decreases under the same condition of anode recycling due to the decrease in the mass flow rate. Fig. 14 shows that the combination of cathode and anode recycling can increase pSOFC efficiency from 57% to 63%. This increase shows that the recirculation of pSOFC flue gas can produce more power than that burnt into combustion for driving an MGT. Moreover, a decrease in MGT power, as shown in Fig. 11 , can be prevented by combination with anode recycling. This decrease has no effect on system efficiency ( Fig. 15 ) because of a significant increase in pSOFC power and a decrease in compressor power. Furthermore, CHP efficiency increases from 78% to 85% where the exhaust gas is kept constant at 25 ºC ( Fig. 16 ).
CONCLUSIONS
From the viewpoint of parameters such as pSOFC and MGT performance, Case 2 presented the best system configuration. It was combined with anode and cathode recycling to further improve the performance. System efficiency of case 2 was only 72% in the beginning, but increased up to 79% by using cathode and anode recycling.
The phenomenon of anode recycling shows that increasing the pSOFC temperature has a good effect on the combustor even though the fuel supplied to the combustor is decreasing. However, cathode recycling decreases the MGT power due to a decrease in the mass flow rate. Therefore, cathode recycling not only increases pSOFC power but also decreases MGT power, even with increasing TIT. The decrease in MGT power can be prevented by using a combination of cathode and anode recycling. 
